ABSTRACT The aim of this study was to investigate the protective effect of glutamine (Gln) on the intestinal morphology, intestinal inflammatory response, and barrier integrity in broilers exposed to high ambient temperature. Three-hundred-sixty 21-d-old Arbor Acres broilers (half male and half female) were randomly allocated to 4 treatment groups in a completely randomized design, each of which included 6 replicates with 15 birds per replicate, for 21 d. The 4 treatment groups were as follows: the control group, in which birds were kept in a thermoneutral room at 22 ± 1
INTRODUCTION
Poultry can maintain their body temperature during the hottest and driest weather by changing their normal physiological equilibrium or via behavioral changes. Notably, certain internal body organs such as the intestines, liver, and kidneys have been cited for their role in heat stress of the bird. However, birds have limited ability to regulate heat loss through behavioral and physiological means. High ambient temperatures can result in lost production, death, and reduced profits in the immediate future for commercial broiler producers. Current studies suggest that these critical consequences in broilers with heatstroke are the result of multiple organ dysfunction syndrome (MODS) secondary to heat injury (Lin et al., 2011) .
It is currently believed that multiple pathophysiological alterations, such as immune dysregulation, intestinal dysfunction, and cellular oxidative stress in severe heatstroke are the initiating factors that cause MODS (Quinteiro-Filho et al., 2010; Varasteh et al., 2015) . It is well known that the intestine, one of the most vital organs in the body, plays a critical role in digestion, absorption of nutrients, and immune defense; hence, it is highly sensitive to heat stress during acute heat exposure in broiler chickens. Recent studies have shown that a variety of changes can be observed, including those associated with intestinal development, such as reduction in the small intestinal weight and the number of villi (Uni et al., 2000) , intestinal histopathological changes, reduction in the proliferation rate of intestinal epithelial cells, gut barrier dysfunction, and cellular oxidative stress, in cases of severe heatstroke (Marchini et al., 2016) . These results indicate that intestinal barrier function and integrity play an important role in severe heatstroke. However, the underlying mechanisms responsible for increased intestinal permeability and reduced integrity remain unclear.
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In recent years, studies have found that tight junction proteins (TJP) are induced in the epithelial cell of the jejunum and ileum and are necessary for guaranteeing the intestinal barrier function and regulating paracellular permeability (Nasu et al., 2013) . Some results have shown that increased intestinal permeability contributes to intestinal inflammation and compromised barrier function (Moeser et al., 2007; Zuo et al., 2014) . However, to the best of our knowledge, very few studies have been performed to determine the relationship between TJP (zonula occludens-1 (ZO-1) and occludin) activity and intestinal structure and barrier function in poultry under heat stress conditions. Glutamine (Gln), a conditionally essential amino acid for the gut, has been reported to enhance gut development and protect the intestinal epithelium in multiple animal models, especially during stresses (Nan et al., 2004) . Protective effects of Gln may be a result of increased TJP expression in the small intestine and decreased intestinal permeability during stresses (Li and Neu, 2009) . The mechanism for these protective effects may be through Gln activation of occludin, claudin-1, zonula occludens-2 (ZO-2), zonula occludens-3 (ZO-3), and corticotrophin-releasing factor . This demonstrates that Gln supplementation may regulate TJP expression, which has a beneficial effect on mucosal barrier function and health under heat stress conditions.
However, very few studies have been performed to determine the effects of Gln supplementation on the expression of occludin and ZO-1 in broilers. The aim of the present study was to assess the effects of Gln on the small intestine morphology and intestinal barrier function with histopathology and RT-PCR analysis during heat stress in broiler chickens. In addition, the effects of Gln on the inflammatory response of the small intestine were also investigated during our trial.
MATERIALS AND METHODS

Materials and Reagents
Glutamine was purchased from Henan Honda Biological Medicine Co., Ltd., China. The product is pharmaceutical-grade, 99% purity.
Experimental Design and Diets
Arbor Acres broilers (half male and half female) were weighed and randomly allocated to 4 treatment groups in a completely randomized design, each of which included 6 replicates with 15 birds per replicate, for 21 d. The 4 treatment groups were as follows: the control group, in which birds were kept in a thermoneutral room at 22 ± 1
• C (no stress, NS; fed a basal diet); the heat stress group (33 ± 1
• C for 10 h/d from 08:00 to 18:00 h and 22 ± 1
• C for the remaining time, heat stress (HT); fed a basal diet); and heat stress + Gln group (0.5 and 1.0% Gln, respectively). The room was provided with electric heaters to adjust the environmental temperature. From 22 to 41 d, the heat treatment lasted for 20 consecutive days. The broiler chicks were fed diets with the same component composition and the only difference was their Gln supplementation. The basal diets were of the maize-soybean type. The diets were formulated based on the NRC (1994) to meet or slightly exceed the nutrient requirements of broilers (Table 1) .
Bird management, Sample collection, and procedures
The protocol was approved by the Institutional Animal Care and Use Committee of Henan University of Science and Technology. All husbandry practices and euthanasia were performed with full consideration of animal welfare. A total of 360 healthy Arbor Acres broiler chicks (21 d), obtained from a commercial hatchery, were housed in wire-floored cages (cage size was 140 cm × 70 cm × 28 cm) in an environmentally controlled room with continuous light. From 22 to 41 d, the light regimen lasted for 24 h. During the 20 consecutive days of heat treatment, the mean relative humidity of the room was monitored daily by a digital hygrometer and ranged from 50 to 60%. The birds had access to feed and water ad libitum. Glutamine was added to the basal diet. There were just 4 dead broilers out of 360, which is within the normal range of mortality.
At the end of each experimental period (42 d), 6 broilers (one bird per replicate) from each treatment group were randomly selected. Blood samples were obtained as quickly as possible from the wing vein, carefully moved into EDTA tubes, then immediately transferred to the laboratory, and separated by centrifugation at 4,000 × g for 15 min at 4
• C. Serum samples were stored at −80
• C for further analysis. After collection of blood samples, all birds were sacrificed by cervical dislocation followed by exsanguination. The abdominal and thoracic cavities were then opened and the jejunum (from the end of the pancreatic loop to Meckel's diverticulum) and ileum (from Meckel's diverticulum to the cecal junction) were collected and emptied using gentle pressure. Approximately 2-cm sections of the proximal jejunum and proximal ileum were removed, flushed with ice-cold phosphate buffer solution at pH 7.4 and immediately fixed with formalin solution for gut morphological measurements. The remaining portion of the jejunum and ileum were excised, mucosa samples were collected using glass slides, and the jejunal and ileal sections were then washed with ice-cold sterilized saline and stored at −80
• C for the analysis of cytokine concentration and gene expression.
Morphology Analyses of the Jejunal and Ileal Mucosa
Three cross-sections for each intestinal segment (jejunum and ileum) were processed for paraffin embedding; 6-μm thicknesses were cut, placed on glass slides, and stained with hematoxylin and eosin following standard procedures. A total of 15 intact, well-oriented crypt-villus units were selected in triplicate for each intestinal cross-section. Villus height and crypt depth were determined using an image processing and analysis system (version 6.0, Image-Pro Plus) and were expressed as micrometers (μm). Villus height was measured from the tip of the villus to the villus-crypt junction; crypt depth was defined as the depth of the invagination between adjacent villi.
D-Lactic Acid and Diamine Oxidase (DAO) Activity in Serum
The levels of d-lactic acid and DAO in the serum were measured by an enzyme-linked immunosorbent antibody assay (ELISA) kit (Cusabio Biotech, Wuhan, China) with a microplate reader.
sICAM-1 and Cytokine Assay
The intestinal mucosal concentrations of soluble intercellular adhesion molecule-1 (sICAM-1) were assayed by dual antibody solid phase enzyme-linked immunoassay according to the manufacturer's instructions (monoclonal antibody against mouse sICAM-1: Blue Gene, Shanghai, and People's Republic of China). The intestinal mucosal concentrations of TNF-α (monoclonal antibody against chicken TNF-α: Adlitteram Diagnostic Laboratories, San Diego, CA, USA) and IL-10 (monoclonal antibody against chicken IL-10: BlueGene, Shanghai, People's Republic of China) were evaluated by ELISA kits according to the manufacturer's instructions.
Messenger RNA Quantification
Real-time quantitative PCR (qPCR) was used to verify intestinal tissue proteins of differing abundance at the mRNA level. Total RNA from samples of jejunum and ileum were isolated using Trizol Reagent (TaKaRa Biotechnology. Dalian, Liaoning, PR China) according to the instructions of the manufacturer, and RNA quantity was determined by a spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA). Subsequently, 1 μg of extracted total RNA was reversetranscribed with the Prime Script RT Reagent Kit (TaKaRa Biotechnology, Dalian, Liaoning, and PR China). The obtained first-strand complementary DNA (cDNA) was diluted to a final concentration of 10 g/L. In detail, cDNA was synthesized from 5 μg of total RNA using oligo dT primers and superscript II reverse transcriptase according to the manufacturer's instructions (Roche, USA), then diluted with sterile water; 1 μL of each diluted sample was added to a 20 μL reaction, also containing 10 μL of 2× SYBR Green I PCR Master Mix (TaKaRa, China), 2 μL of diluted cDNA, 0.4 μL of each primer (10 μM), 0.4 μL of 50× ROX reference Dye II, and 6.8 μL of PCR-grade water. The primer sequences were commercially produced (TaKaRa Biotechnology, Dalian, Liaoning, PR China) and are shown in Table 2 . Real-time PCR was performed using the ABI StepOnePlus Real-Time PCR system (Applied Biosystems, Grand island, NY, USA). Each sample was processed in triplicate. Cycling parameters were as follows: 1 cycle at 95
• C for 30 s, 40 cycles of 95 • C for 10 s, annealing temperature for 30 s, and 72
• C for 30 s, and extension for 2 min at 72
• C. The melting curve analysis showed only one peak for each PCR product. Electrophoresis was performed with the PCR products to verify the primer specificity and product purity. The relative fold-change was calculated according to the 2 −ΔΔCT method, which accounts for gene-specific 1 NS = birds were kept at 22 ± 1 • C and fed the basal diets; HT = birds were kept at 33 ± 1 • C for 10 h (08:00 to 18:00 h) and 22 ± 1
• C for the remaining time and fed the basal diet; G1 and G2 groups = birds were kept at 33 ± 1
• C for 10 h (08:00 to 18:00 h) and 22 ± 1 • C for the remaining time and fed the basal diet with 0.5 and 1.0% Gln, respectively.
2 Standard error of the mean based on pooled estimate of variation. 3a,b Means within the same row that do not share a common superscript are significantly different (P < 0.05); n = 8. 1 NS = birds were kept at 22 ± 1 • C and fed the basal diets; HT = birds were kept at 33 ± 1 • C for 10 h (08:00 to 18:00 h) and 22 ± 1
2 Standard error of the mean based on pooled estimate of variation. 3a-c Means within the same row that do not share a common superscript are significantly different (P < 0.05); n = 8. efficiencies and was normalized to the mean expression of the abovementioned index. Furthermore, mRNA expression of the TJP (occludin, claudin-1 and ZO-1) in sections from the jejunum and ileum were measured.
Statistical Analysis
The statistical analyses of all data were performed by one-way analysis of variance using SPSS for Windows (version 20.0, SPSS Inc., Chicago, IL, USA). Differences among groups were evaluated by Tukey's multiple range tests. Statistical significance (P-value) was considered at 0.05.
RESULTS
The Morphology of the Small Intestine
The results regarding the effects of Gln on the morphology of the intestinal tissues of broilers under heat stress are presented in Table 3 . Compared to the NS group, broilers in the HT group had lower villus height of the jejunum and ileum (P < 0.05) and higher crypt depth of the ileum (P < 0.05). Dietary Gln supplementation (0.5 and 1.0%) increased the villus height of the jejunum and the ileum (P < 0.05) and decreased the crypt depth (P < 0.05) in the ileum of broilers compared to that of the HT group. The villus height:crypt depth ratio in the HT group was decreased by 15.3% compared to that in the NS group (P < 0.05). Dietary Gln supplementation (0.5 and 1.0%) increased the villus height:crypt depth ratio of the jejunum and the ileum (P < 0.05). However, no differences in villus height, crypt depth, or villus height:crypt depth ratio was observed between the NS, Gln1, and Gln2 groups (P > 0.05). Moreover, no significant differences were detected in crypt depth of the jejunum among all groups (P > 0.05).
D-Lactic Acid and Diamine Oxidase (DAO) Activity in Serum
The results regarding the effects of Gln on the serum DAO activity of broilers under heat stress are presented in Table 4 . D-lactate and DAO activity in serum was higher (P < 0.05) in the HT group than in that of the NS and Gln groups. Diets supplemented with Gln significantly decreased the serum D-lactic acid and DAO activity (P < 0.05) of broilers exposed to heat stress. However, no differences were observed between the Gln groups and NS group (P > 0.05). 1 NS = birds were kept at 22 ± 1 • C and fed the basal diets; HT = birds were kept at 33 ± 1 • C for 10 h (08:00 to 18:00 h) and 22 ± 1
2 Standard error of the mean based on pooled estimate of variation. 3a-c Means within the same row that do not share a common superscript are significantly different (P < 0.05); n = 8. 1 NS = birds were kept at 22 ± 1 • C and fed the basal diets; HT = birds were kept at 33 ± 1 • C for 10 h (08:00 to 18:00 h) and 22 ± 1
2 Standard error of the mean based on pooled estimate of variation. 3a-c Means within the same row that do not share a common superscript are significantly different (P < 0.05); n = 8.
sICAM-1 Concentration in Serum and Intestinal Mucosa
The results regarding the effects of Gln on the sICAM-1 concentration of broilers under heat stress are presented in Table 5 . Heat stress significantly increased the sICAM-1 concentrations in the jejunum, ileum, and serum of broilers in the HT group as compared to those in the NS group (P < 0.05). Broilers fed with Gln had lower sICAM-1 concentrations in the jejunum, ileum, and serum than those in the heat-stressed broilers (P < 0.05). However, no differences were observed between the Gln groups and NS group (P > 0.05).
Cytokine Levels
The results regarding the effects of Gln on the intestinal cytokine levels of broilers under heat stress are presented in Table 6 . The broilers in the HT group exhibited significantly higher intestinal mucosal TNF-α and TNF-α/IL-10 levels, but lower IL-10 levels than those of the NS group (P < 0.05). Dietary supplementation of Gln ameliorated the decrease of TNF-α and TNF-α/IL-10 levels, as well as the increase of IL-10 levels in the intestinal mucosa of the heat-stressed broilers (P < 0.05). No differences were found in the TNF-α, TNF-α/IL-10, and IL-10 levels in the intestinal mucosa among treatments (P > 0.05).
TJP mRNA Expression Levels in Jejunum and Ileum
The results regarding the effects of Gln on the TJP of broilers under heat stress are presented in Table 7 . Heat stress resulted in significant mRNA down-regulation of occludin, claudin-1, and ZO-1 in both jejunum and ileum as compared to those in the control chickens (P < 0.05). Broilers in the Gln group had higher ZO-1, claudin-1, and occludin mRNA expression levels in the jejunum and ileum as compared to the HT group (P < 0.05). However, no differences were observed in the Gln1 and Gln2 groups compared with the NS group (P > 0.05). Additionally, in general, the induction of the heat stress response observed by the expression of ZO-1, claudin-1, and occludin was lower in the chicken ileum in comparison with the jejunum.
DISCUSSION
The intestinal tract is considered one of the main target organs and is particularly susceptible to stressors. Heat stress can imitate epithelial surface receptors 1 NS = birds were kept at 22 ± 1 • C and fed the basal diets; HT = birds were kept at 33 ± 1 • C for 10 h (08:00 to 18:00 h) and 22 ± 1
2 Standard error of the mean based on pooled estimate of variation. 3a-c Means within the same row that do not share a common superscript are significantly different (P < 0.05); values are expressed in arbitrary units. The mRNA level of each target gene for the NS group is assigned a value of 1 and normalized against β-actin. n = 8.
for pathogen binding and result in reduction in villus height and crypt depth, thus damaging the integrity of the gut epithelial tissue (Burkholder et al., 2008) . In the present study, apparent damage to villi, shortened villus height, deeper crypt depth, and a lower villus height:crypt depth ratio were observed in heat-stressed broilers, which is consistent with the findings of Song et al. (2013) in heat stress. It is likely that high environmental temperature reduces the feed intake of the birds, thus greatly reducing the amounts of energy delivered to the gastrointestinal tract cells during periods of heat stress. Moreover, low feed intake will reduce the absorptive area of the intestinal mucosa and limit the secretion of digestive enzymes (Porto et al., 2015) . These factors may delay intestinal mucosal development, resulting in the observation of shorter villi, lower villus height:crypt depth ratio and greater crypt depth.
Some studies showed that Gln has important functional roles in the promotion of mucosal growth and protein synthesis in the intestine (Porto et al., 2015) . Glutamine provides sufficient energy for cell proliferation and differentiation. It should be noted that we observed an increase in villus height and villus height:crypt depth ratio in heat-stressed broilers supplemented with Gln in the present study. This result agrees with Porto et al. (2015) , who reported that supplementation of Gln promotes epithelial cell proliferation and renewal, increases villus height, and limits the damage to the intestinal epithelium elicited by heat stress in broilers. It has been shown that addition of 1% Gln to broiler diets presented positive effect on villus height, crypt depth, and the villus:crypt in different segments of the small intestine under normal temperature conditions (Murakami et al., 2007) . The benefit of Gln is associated with its involvement in increasing intestinal cell proliferation, as it is the main energy source of small intestinal enterocytes (Akiba et al., 2009 ). On the other hand, these results could be attributed to better nutrient absorption and its nutritive importance for villus growth. Because Gln is an important amino acid for utilization as an energy source for the development of the mucosa and maintains the normal intestinal structure and increases transcellular transport (Farhad, et al., 2014) , these may increase the absorptive surface of the gastrointestinal mucosa, and improve the digestion and absorption of nutrients during stress (Murakami et al., 2007; Xiao et al., 2014) . Even though Gln increases the villus lengths, it did not increase the BWG (d 22 to 41) of broilers in our unpublished study; these results are in agreement with Maiorka et al. (2000) . The present study is probably related to the role of Gln in ammoniagenesis and the production of high ammonium ions in Gln-fed birds (Farhad, et al., 2014) .
The activity of the plasma D-lactic acid and DAO might serve as a marker of intestinal mucosal barrier integrity and injury (Gordon et al., 1983) . Plasma D-lactic acid and DAO activity increase in the broiler when the intestinal mucosa is injured . Our present results also confirm the results of other investigators Song et al., 2017) . These results showed that damage to a certain degree existed in the intestinal mucosa of the HT broiler, and the intestinal permeability increased. Our intestinal morphology findings further verified that the vascular release of D-lactic acid and DAO as a result of heat stress must involve the villus tip cells or the mucosal surface as these are the prime sources of the enzyme. Therefore, levels of plasma D-lactic acid and DAO activity may be one factor associated with the severity and extent of the intestinal mucosa injury in broilers. It was observed in our present study that feeding Gln decreased D-lactic acid and DAO activity in the plasma of heat-stressed birds. These results indicated that the intestinal mucosal permeability had somewhat improved. Therefore, Gln may attenuate enzyme release from the villus tip cells or the intestinal mucosa, and result in improvement in intestinal permeability under heat stress conditions. These results indicate that Gln could abate the degree of intestinal injury, lessen intestinal mucosal permeability, and increase intestinal mucosa protection.
Soluble intercellular adhesion molecule-1 belongs to the immunoglobulin superfamily, is a biomarker for the degree of systemic inflammatory responses and is a target on intestinal epithelial cells . Soluble intercellular adhesion molecule-1 levels have been reported to increase significantly after experiencing physiological stress in a normal setting (Vonkänel et al., 2007) . In our study, heat stress-induced sICAM-1 increase was achieved in the inflammatory intestinal mucosa of broilers with HT and was related to the concentration of sICAM-1 in the serum; this outcome agrees with previous studies showing increased sICAM-1 levels after other physiological stress . This corroboration verified that the sICAM-1 level was clearly related to the condition of the animal body. This result may indicate that greater physiological stress and subsequent pro-inflammatory cytokines lead to increased release of sICAM-1 from endothelial cells. These results were also supported in the cytokine levels of broilers in our study. In the present heat stress broiler study, Gln treatment has been shown to inhibit sICAM-1 release when compared to HT alone, which may be due to the inhibition of pro-inflammatory cytokines, such as TNF-α. Data from this study suggest that the anti-inflammatory effects are, at least in part, due to the inhibition of TNF-α release.
T-helper cells can be divided into T helper 1 (Th1) and T helper 2 (Th2) subsets according to their cytokine production. Th1 cells induce the secretion of the pro-inflammatory cytokine TNF-α (Huang et al., 2015) , whereas Th2 cells induce the secretion of the anti-inflammatory cytokine IL-10 (Lv et al., 2015) . Tumor necrosis factor-α is an important inflammatory factor that plays important roles in various inflammatory reactions. It is well known that IL-10, a potent antiinflammatory cytokine, inhibits the production of the major pro-inflammatory cytokines, and attenuates cellmediated immune reactions (Moore et al., 1993) . Our findings showed that stimulated cells in the inflamed mucosa markedly decreased the concentrations of Th2 cytokines (IL-10) but elevated the levels of Th1 cytokines (TNF-α) under heat stress. Thus, the effect on Th1 cells is opposite that on Th2 cells. This result likely increases the susceptibility of broilers to heat stress.
Stress-induced bowel inflammation might have released pro-inflammatory mediators from the gut mucosa, such as IL-1, TNF-α, and IL-6, as has been reported elsewhere in a different experimental context (Gautier et al., 2012) . Increased inflammatory cytokines in broilers subjected to heat stress has been reported (Quinteiro-Filho et al., 2010) . Our result also showed that heat stress increased inflammatory cytokines, specifically, the release of TNF-α in the jejunum and ileum of broilers; this result agrees with previous reports (DeNardo and Coussens, 2007). Moreover, in our study, the levels of the anti-inflammatory cytokine IL-10 were also significantly different. These results suggest that HT can regulate the activation of inflammatory cells and cytokine production. This data showed that the intestinal mucosa and villi of the broilers were seriously injured by the HT, which was verified in the findings regarding the villus height, deeper crypt depth, and villus height:crypt depth ratio.
A previous study reported that Gln reduced the concentration of various pro-inflammatory cytokines, and increased the concentration of various antiinflammatory cytokines, in the intestinal mucosa of broilers challenged with stress (Zhong et al., 2014) . Our results were consistent with the above reports. The findings suggest that both Th1 and Th2 responses were inhibited by Gln and that Gln plays a beneficial role in alleviating the intestinal inflammatory response. We conclude that it is conceivable that Gln may contribute to preventing the development of inflammatory responses. Bartell and Batal (2007) reported decreased cytokine production in broilers fed 1% Gln and had better gut barrier function under normal temperature conditions. In the normal conditions, Lai et al. (2004) showed that Gln administration reduced the production of inflammatory mediators systemically, and enhanced cellular immunity in rats. Moreover, normal intestinal structure and immune function may be helpful for maintaining normal cytokine levels (Deng et al., 2012) . Some reports have shown that Gln is an important factor in maintaining intestinal mucosal structure ). In the current study, supplementation with Gln may be effective in protecting the intestinal mucosa of broilers and increasing the villus height of the intestine. Thus, we conclude that Gln can simultaneously inhibit cellular immunity. The underlying mechanism involved in the beneficial influence of Gln on the intestinal inflammatory response needs to be further investigated.
Intestinal TJP, such as claudin, ZO, and occludin, were directly related to the normal function of the intestinal mucosa barrier. The abnormal expression of TJP is closely related to the inflammatory responses of the intestine (Xu et al., 2016) . Many cytokines are involved in the regulation of TJP. According to the results of this study, the expression of ZO-1, claudin-1, and occludin for broilers in the HT group were all significantly lower than those in the control group, which indicated that the abnormal expression of TJP was the main mechanism causing reduced function of the intestinal mucosal barrier, as well as increased intestinal permeability. These results agreed with previous findings, in which HT decreased protein levels of ZO-1, claudin-1, and occludin in the small intestine (Song et al., 2017) .
After treatment with Gln, the expression of TJP in the epithelium was increased, which indicated that the TJP played an important role in the pathogenesis of inflammatory responses under heat stress. Similarly, Wang et al. (2015) also observed that Gln improved intestinal barrier integrity, leading to enhanced transepithelial electrical resistance in weanling piglets. These results were attributed to Gln as a truly functional amino acid in nutrition, and broilers have dietary requirements of this nutrient to support intestinal health and development (Wu 2013) . Our results indicate that Gln supplementation can regulate TJP expression in the small intestine of broilers, thereby conferring a beneficial effect on mucosal barrier function, and can be a promising approach for protecting the intestinal barrier in broilers.
Moreover, in the present study, the induction of heat stress response observed by the expression of ZO-1, claudin-1, and occludin was lower in the chicken ileum in comparison with the jejunum. The mechanisms of the differences are not clarified in the present study. However, 4 explanations may account for the differences. One possibility is different characteristics of jejunum and ileum (Kitazawa et al., 1997) , a second is different susceptibility to heat stress treatment between the jejunum and ileum (Varasteh et al., 2015) , and a third is the different contractile mechanism coupled to motilin receptors between the jejunum and ileum (Van der Hoeven-Hangoor et al., 2013) , and a fourth is the different microbiota composition between the jejunum and ileum (Sohail et al., 2012) . These findings are consistent with a study result Varasteh et al. (2015) , in which differences in the mRNA expression of the TJ proteins claudin and ZO-1 between tissue-specific differences during heat stress treatment are described. However, it is unknown how heat stress and Gln regulate the expression or function of the ZO-1, claudin-1, and occludin proteins. Therefore, to further examine the regulation of TJP by Gln, further studies will be needed to clarify the molecular mechanisms regulating Gln-induced intestinal cell migration via alteration of the organization of TJP using genetic manipulation technologies.
CONCLUSION
In summary, heat stress may delay intestinal mucosa and barrier development, adjust the functions of cell cytokine factor mRNA expression, and reduce the mRNA expression of ZO-1, claudin-1, and occludin proteins. Intestinal epithelial barrier function and the cytokines secretion are regulated by TJP, and Gln plays an important role in inflammatory responses in the intestinal mucosa. Therefore, study of the role of Gln in regulating TJP will be of continuing value in efforts to understand the mechanisms of the repair of injured intestinal mucosa.
